A system using a radioactive 137 Cs source to calibrate and monitor the Hadron Calorimeter (TileCal) of the ATLAS experiment at the LHC is described. The system includes a set of sensors to monitor the position of the source which moves via hydraulic propulsion. The design of the sensors, the corresponding electronic modules and their performance are detailed. r
Introduction
ATLAS [1] is a general-purpose pp-experiment at the Large Hadron Collider (LHC) under construction at CERN. The Hadron Calorimeter (TileCal) together with the Liquid Argon electromagnetic calorimeter (LAr) comprise the ATLAS calorimeter system as shown in Fig. 1 .
The TileCal is a sampling calorimeter constructed of steel plates (the absorber) and scintillating plastic tiles (the active material). The design, general features and expected performance of the calorimeter are given in the ''ATLAS Tile Calorimeter Technical Design Report'' [2] .
The TileCal is divided into one barrel (TLB) and two extended barrel (TLE) sections. All three sections have a cylindrical structure with an inner radius of 2280 mm and an outer one of 4230 mm: The TLB section is 5640 mm in length along the beam axis, while each TLE section has a length of about 2910 mm:
Each of the cylinders is further subdivided into 64 independent azimuthally oriented modules. Within each module, there are a number of geometric cells read out via optical fibres.
To calibrate and monitor the TileCal, a movable 8-9 mCi 137 Cs g-source is used with energy E g ¼ 0:662 MeV: The use of a movable source allows to test the optical quality of the scintillators and fibres, to equalize the response of all the cells, to monitor each cell over the time and to provide the overall energy calibration.
The basic concept showing the source path through a number of tiles is given in Fig. 2 . When each tile is traversed by the 137 Cs source, g-quanta induce scintillating light emission in the tile, which is transmitted via an optical fibre to a photomultiplier tube (PMT). The magnitude of the PMT current depends upon the tile material and the optical quality of the fibre [3] .
The correlation of the induced current (or ''PMT response'') as a function of the source position is shown in Fig. 3 . The multiple peak structure in the diagram is due to the passage of the source through individual tiles; a case of faulty light collection from one fibre is clearly seen. This figure demonstrates the power of source scans of the calorimeter in testing of its quality and uniformity.
The capability to resolve individual tiles is due to the mean-free path of the gammas, which is of the order of the 18 mm separation between tiles. The source can ''see'' every scintillating tile, and, therefore, it can be used to obtain an ''X-ray picture'' of the response.
ARTICLE IN PRESS

Source drive concept
In order to transport the 137 Cs source through all the 192 (64 TLB and 128 TLE) modules of the TileCal, an elaborate source drive and monitoring system control are needed. Such a system (MonSys) has been designed [2, 6] where the 137 Cs source is driven by a flowing liquid (water) through a series of calibration (or ''source'') tubes which pass through all the cells of the calorimeter.
A stainless-steel tube of 6:0 mm inner diameter and 8:0 mm outer diameter is used to guide a capsule containing the source. Three independent calibration pipeline circuits are necessary, one for the TLB section and two for the TLE ones. In the radial direction of the TileCal there are 11 tile layers, so that 11 tubes connected by joint sections are necessary for each module. The total tube length required to cover all the TileCal modules is about 10 km:
The source capsule, as shown in Fig. 4 , is made of hardened aluminium alloy coated with titanium nitride (TiN), which surrounds the source, contained in a small welded stainless-steel capillary [4] . The dumb-bell shape and the outside dimensions of the capsule permit to drive it through curved tube sections with a bending radius down to 15 mm:
A set of specially designed sensors is needed in order to control and monitor the capsule movement inside the long pipeline system. The sensors must provide information on the capsule position at a given time and place (at the storage position, for example) or simply register that it has passed a particular point in order to follow its progress.
Taking into account the operating conditions of the monitoring system, the reliability and safety aspects, the sensors mounted on tubes should satisfy the following requirements:
* They must be able to measure the capsule velocity over a wide range, up to 50 cm=s (the nominal capsule speed is about 30 cm=s). * There should be no interference with the movement of the capsule, to ensure the reliability of the pipeline (e.g., not to increase the risk of leaks). * The sensors should be capable of detecting both a radioactive capsule and an empty one (dummy source), to allow system tests and verification. * The sensors must be reliable and require minimal maintenance. * No electronic noise should be generated. * The sensors must be radiation tolerant and be able to operate in a strong magnetic field.
Assuming that at least two sensors are needed for a module (one for each entry and one for exit point) the total number of sensors for the whole system is about of 400 pieces. Two types of sensors have been developed: sensors based on optical detection (IRS) and sensors based on electromagnetic detection (source location sensor (SIN)). Some test results for both types of sensors have been described in Ref. [5] .
IRS-''infra red sensors''
The optical detection principle by means of the IRS sensor is built on an emitter-sensor pair integrated into the mechanical connector at the straight to bent joint section as shown in Fig. 5 . The light emitter is an infrared LED (AL107) operating at a wavelength of 950 nm: The receiver is a phototransistor FT-2B (Russian specifications). Two plastic lenses imbedded in the sensor body help to focus the light according to the source capsule shape. The interruption of a pulse train indicates the passage of the capsule and allows its velocity to be measured. The IRS sensor readout electronics is designed to register the precise moment of a capsule passage (''event''). One IRS electronics chain supports up to 16 channels and consists of two modules: the analogue module (IRS A), situated no more than 5 m away from the sensors, and the digital module (IRS D), located at some distance in a CAMAC crate in the control room. Both modules communicate via a serial connection on a cable which can be over 50 m in length. The cable provides low voltage power, so the analogue module does not require an additional power supply.
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The analogue module IRS A consists of a channel number (address) decoder, an LED pulse driver, photocurrent amplifiers and comparators, an output signal multiplexer. Input address lines select the active sensor number. The photocurrent signals pass through an amplifier and shaper, and are combined into one output signal. The output current for the 16 sensors in a chain can be adjusted with an on-board trimmer, to be in the range from 10 to 100 mA:
The digital module IRS D conforms to the CAMAC standard, and includes an internal quartz frequency generator, a mask register/multiplexer, a noise suppression filter, a 28-bit time counter, an event register, and an event trigger.
The module generates an event record containing the sensor number and the time, with a typical time resolution of 1 ms:
Several IRS D modules can be synchronized with common ''Clock'' and ''Clear'' signals in order to provide an absolute event time reference. Using a jumper switch, one can select the internal clock frequency of the module, giving a time resolution of 0.5, 1, 2 or 4 ms: An external frequency generator can be used for the clock signal distribution from one ''master'' module. Channels which are unused or broken can be disabled by a mask register.
False signals generated by contamination in the liquid, such as air bubbles suspended in the water, can be a serious problem for any optical sensor including the IRS. In order to suppress such spurious signals, the IRS D module is equipped with a special digital noise suppression filter. The principle of the filtering is illustrated in Fig. 6 .
For example, every 1 ms an LED emits a light pulse of duration 1 16 ms: The same succession of pulses is produced by all IRS modules. The resulting photocurrent measured in the optocoupler channel corresponds to a ''0'' state, while the absence of a pulse corresponds to a ''1'' state. The series of pulses reflects the profile of any opaque object, such as the capsule, as it passes by a sensor.
The last five measurements of the sensor are stored in a shift register and then compared with a predetermined pattern. Example patterns are (1), (11), (111), (1111), (01), (011), (0111) or (01111). 6 illustrates the combination (1111), labelled here as a ''T integration'', which requires at least four sequential LED pulses to be blocked in order to be classified as an ''event''. As a result of this requirement, objects which block the LED pulses for less than 4 ms are ignored; this is sufficient to suppress fake signals produced by small air bubbles. This requirement can be tightened further by demanding a pattern such as (01111), which registers the initial light pulse just before the capsule edge.
The middle narrow section of the capsule does not completely block the LED light and as a result the capsule appears to the sensors as two separate objects having equal length, L o ; which pass the sensor one after the other. This behaviour provides an additional handle on noise suppression. By measuring the time delay, L g ; between the signals from the two large capsule sections, one can either measure the capsule length or use this information for further event triggering.
A 32-bit ''Event Register'' is used to store a 4-bit channel number and a 28-bit event time. If an event occurs, an Event Trigger flag will be set, and no further events will be recorded until the Event Register is read out or a CLEAR signal is received. The Event Trigger status can be tested by checking either the CAMAC ''LAM'' signal or the CAMAC ''Q'' signal during the reading of the Event Register. The current status of the Event Trigger is indicated on a front panel LED.
During the period 1995-1997 several MonSys prototypes with IRS sensors were studied. The stability of the capsule motion, the operation of the pump and valves, the performance of other equipment and control procedure sequences were thoroughly tested. The results of these studies provided a knowledge base and laid the foundation for the final system construction.
In the years 1996-1997, during test beam periods for the TileCal full-scale prototype ''Module 0'' at CERN, the hydraulic calibration system was equipped with more than 50 IRS sensors and the corresponding number of electronic modules. All equipment operated reliably with negligible electronic noise.
However, the IRS system has one very important disadvantage, namely the need of drilling and fixing many open optical channels in the tubes. It turns out to be impractical to install so many sensors in a big pipeline system, in order to avoid risks to the tube hermeticity. As a result, for the elaborate tube system necessary for ATLAS, the IRS sensor approach was discarded in favour of a second system, described below.
SIN-''sensors based on inductance''
A sensor based on an inductance measurement was proposed to record the source capsule movement. The sensor itself is a coil located on a tube in such a way that a part of the alternating magnetic flux generated by the coil permeates the tube's inner radius, as shown in Figs. 7 and 8.
The coil is a part of an LC circuit which operates continuously. The presence of the capsule causes a change in the coil inductance, resulting in a variation of the oscillation frequency, which can be detected and used as a trigger signal.
Several coil types with different inductance values have been tested. A conventional stainlesssteel tube with an external diameter of 8 mm and a wall thickness of 1 mm has been used.
A typical dependence of the frequency variation of the oscillator's frequency when a capsule passes the coil is illustrated in Fig. 9 , which compares the signals from an aluminium and a titanium capsules. For the aluminium capsule, the maximum effect was achieved with the LC-generator ARTICLE IN PRESS frequency operating between 30 and 40 kHz: The titanium capsule was found to have a much smaller influence upon the oscillator's frequency.
One SIN electronic module of an early version of ''SIN C'' is shown in Fig. 10 . It supports up to 16 sensor channels, and consists of 16 independent Phase Locked Loop (PLL) channels and shapers along with a CAN-bus interface.
To measure frequency variations an integrated PLL circuit KR1561GG1 (Russian analogue of CD4046B by Micropower) was used. External components (two resistors and one capacitor) of the PLL circuit provide a capture and tracking range of 10-50 kHz; corresponding to a sensitivity of about 200 mV=kHz: The LC-generator frequency was chosen close to the upper limit of the range of 40 kHz; at the peak sensitivity. The resolution of the capsule tracking was of the order of 10-15 ms=kHz:
Another method for tracking the capsule is the direct frequency measurement of the generator oscillations. This is implemented in the ''SIN CAN'' latest version of the sensor electronic module.
The advantages of this solution are the low power consumption, a compact package, no need for external adjustable components and the low cost. A SIN-CAN module schematic is shown in Fig. 11 .
Shaped pulses at fixed time interval are counted and the number is compared to a reference. The non-trivial real-time algorithm of pulse counting and threshold tracking for 16 input channels is implemented in a RISC microcontroller of the Atmel AVR family. The microcontroller masks unused channels, evaluates reference levels, and filters slow and rapid frequency changes. The system can also measure the base frequency of each channel, as well as read and modify the microcontroller program via the CAN-bus.
An example of a single-module calibration setup in a test bench is given in Fig. 12 . In this case, 16 SINs give the position of the source as it passes through the module. The other sensors in the ARTICLE IN PRESS system are a Geiger counter and pressure sensors described below.
During field tests in 1997-2000, the SIN sensor system demonstrated low sensitivity to noise, robustness and excellent reliability. Starting from 1999 onwards, SIN sensors have been used in all active MonSys prototypes at CERN (three systems in total).
Note that both types of sensors, IRS and SIN, were tested in a magnetic field up to 1 T: The results of the tests showed the sensors' performance to be independent of the magnetic field.
Garage-''source storage device'' sensors
The ''Garage'' is the name given to a mechanical device in which the source is stored between calibration runs. The garage must be capable of accepting a source capsule, recognize its presence and lock or release the capsule whenever it is needed according to a remote control request. Seven identical garages are planned to be enabled in the ATLAS TileCal for three independent monitoring systems using three separate sources (one for TLB and two for TLEs).
Because of strict safety requirements the garage is a very complex device (Fig. 13) , in which an internal self-sufficient status control is essential.
Two types of sensors are implemented in the present garage design: a capsule location sensor and a radiation control monitor.
Early versions of the garage capsule sensor were based on the IRS system. The main advantage of this system is that it can detect, in principle, the ARTICLE IN PRESS capsule locked inside the garage at any given time independently of the previous state. On the other hand, the main disadvantage of the IRS approach is its dependence on the liquid purity. In practice, air bubbles gave a false ''source presence'' recognition too frequently for reliable operation. Furthermore, the necessity of making an open optical channel inside the inner space of the garage poses further problems, so the IRS system turns out to be not suitable.
On the other hand, while the conventional SINbased system satisfies the requirements of reliability, it responds only to changes in frequency, i.e. only the entering or exiting of a capsule is registered, but not the stationary state. To solve this problem, the following improvements were made to the SIN sensor:
* A solenoidal coil was used to increase the interaction of the capsule with the electromagnetic field and, therefore, the sensitivity to frequency shifts was enhanced. * Special components to stabilize the oscillator's frequency were used. * A counting method based on frequency variation measurement was implemented. * The possibility of recalibrating the sensor via CAN bus was introduced.
The above changes prove to be successful in making the garage SIN circuit more reliable than that based on the IRS technique.
The second type of sensor in the garage is a radiation detector to measure the presence of the real source and to monitor its intensity variation over the time, a function that will be very useful in the future for safety reasons.
A Russian-made type SBM10 Geiger detector with a thin-wall metal case is used (Fig. 14) . The detector has dimensions 25 mm Â + 6 mm; operates in the voltage range of 300-400 V; and is capable of withstanding a load rate of up to 700 pulses/s.
To reduce the nominal counting rate, the Geiger detector is embedded in a lead radiation shield, as shown in Fig. 15 . With a 9 mCi 137 Cs source and a distance between source and detector of about 25 mm; the counting rate is near 500 pulses/s.
A 400 V DC high-voltage power supply for the Geiger detector is located on the same PCB as the ''garage'' electronics. It is based on a voltage multiplying principle with a feedback loop, and powered by a þ12 V supply. A conventional DC-DC converter cannot be used because of the intense magnetic field in ATLAS. The Geiger counter is powered only during the measurement period cycle, thus preventing its degradation from the radiation environment.
The two main Geiger counter measurement cycles are:
* A ''1 s measurement'', used when a capsule's presence is detected in the garage and a confirmation of the radioactive source is needed. * A ''128 s measurement'', used for monitoring purposes. The data are collected in local memory and are available to be read out. This cycle can be initialized by a sequence of commands over CAN-bus.
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The first field tests of the Geiger detector demonstrated a good performance. The capsule detection was found to be 100% reliable, with no fake signals. As a monitoring device, the counter rate variations were slightly larger than expected. Two main explanations of these variations were found:
* With the current design, the exact position of the source in the garage is determined by the lock's springs, within an accuracy of 4-5 mm: This uncertainty leads to distance variations between the source an the Geiger detector and thus to the variation in measured counts. * The transport liquid (water) acts as absorber, so its presence or absence around the source capsule can modify the counting rate.
Despite the above uncertainties, the Geiger detector provides better than a 5% accuracy in monitoring the source activity over a long period, as shown in Fig. 16 . Here all available data for the source activity used at the CERN TileCal module instrumentation facility in the year 2001 are given. The data follows the superimposed 137 Cs decay curve.
In ATLAS, the monitoring data will be recorded under more stable conditions (with or without water and with the source in the same position) such that the accuracy of the source activity is expected to be even higher. Such precise monitoring provides a check of the integrity of the source and increases the overall safety of the system.
The garage control electronics is organized as a single PCB module with dimensions 240 Â 120 mm 2 located within 1 m near the garage and connected to the SIN sensor, to the Geiger detector and to the end switches of the locks. The module sends all information regarding the garage status to a host computer, and is controlled via CAN-bus.
The local display LEDs on the front panel of the module provides the information about the current garage status, including: * to check the hermeticity of the system pipeline before it is filled with water, by using a neutral gas under slightly higher than nominal pressure; * to monitor the process of filling the system with water; * to check the pressure in different parts of the pipelines according to the program of the calibration run; * to monitor the process of draining of the system via pressurized gas.
The location of the pressure measurement positions varies; they are placed on tube joints, tee connections, and the ends of tubes. It was decided to use the same pressure-sensing element for all positions, with different body cases depending on the measurement point. An integrated monolithic silicon pressure sensor MPX5700D from Motorola is used as the pressure-sensing element. It has an on-chip piezoresistive transducer with signal conditioning. It is temperature compensated and calibrated with an accuracy better than 2.5% in the operating range of up to 7 atm:
The operating characteristics and reliability of MPX series pressure sensors are guaranteed if the pressure medium is an inert one, such as dry air, so care was taken to prevent any direct contact between the inner sensor and the water. A polymer (rubber) membrane was used to protect the sensor from water, along with silicon oil as a sealant.
A picture of the pressure sensor is shown in Fig. 17 . The sensing element (centre) is fixed between two metal plates (the two pieces on the right) and secured tightly with a rubber O-ring. The inner space of the sensor is filled with silicon oil, covered with a rubber membrane and fixed to the measurement point. On the left of the picture is an example of a measurement point, in this case a calibration tube dead end.
The performance of several sensors was tested in the years 2000 and 2001 and found to be good. In Fig. 18 , an example of calibration measurements for the first series of sensors is given. The behaviour of the sensors is found to be linear with increasing pressure over the range 0-5 atm; and the resulting calibration constants are stable over time.
The pressure sensor has a circuit which is compensated for internal temperature variations, providing an accurate, high-level analogue output signal proportional to the applied pressure. The ADC CAN module, as shown in Fig. 19 , utilizes an internal 10-bit successive approximation A/D converter (Philips microcontroller P80CE598) with an on-board CAN-bus controller. The microcontroller has eight inputs multiplexed to one ADC. Analogue signals from the pressure sensors pass through a buffer amplifier before digitization. The output signal of the buffer amplifier is limited to ARTICLE IN PRESS 
Conclusions
A system of sensors to control the radioactive 137 Cs source storage, movement, and working media conditions in the TileCal monitoring system of ATLAS at the LHC has been described. The design, performance, and principles of operation of the sensors have been detailed, covering: * IRS sensors based on an optical principle, used to detect the source capsule movement in the calibration tubes during initial studies; SIN sensors based on electromagnetic principle, chosen for the use at the final monitoring system; * a miniature Geiger detector used to check the source capsule integrity and to monitor it during storage; * a special casing, designed to protect an industrially produced pressure sensor from its surrounding environment; * the creation and testing of the corresponding electronic modules to acquire the sensor output data; * online and offline software and algorithms, tested and found to be satisfying the monitoring system requirements;
* information learnt about the operation of the sensors operating under realistic conditions.
The sensor prototypes and the electronic modules have been used over a long period of time at CERN, including the TileCal modules instrumentation facility and the module inter-calibration test bench. All sensors, electronics and modes of operation have been proven to be reliable, and are planned to be used the serial production for the full-scale TileCal MonSys.
